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THE ROLE OF NATURAL CLAYS IN THE SUSTAINABILITY OF 
LANDFILL LINERS
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ABSTRACT
Engineered synthetic liners on their own cannot protect the environment and human 
LIEPXLEKEMRWXPERHƤPPPIEGLEXITSPPYXMSR(IWTMXIXLIMVMRMXMEPMQTIVQIEFMPMX]XLI]EVI
susceptible to failure during and after installation and have no attenuation proper-
ties. Conversely, natural clay liners can attenuate leachate pollutants by sorption, 
VIHS\ XVERWJSVQEXMSRW FMSHIKVEHEXMSR TVIGMTMXEXMSR ERH ƤPXVEXMSR HIGVIEWMRK XLI
TSPPYXERXƥY\(ITIRHMRKSRXLIGPE]WMKRMƤGERXHMJJIVIRGIWI\MWXMRXLIMVWLVMROEKI
TSXIRXMEP WSVTXMSR GETEGMX] IVSWMSR VIWMWXERGI ERH TIVQIEFMPMX] XS ƥYMHW [LMGL
affects the suitability and performance of the potential clay liner. Here, the physi-
co-chemical, mineralogical and geotechnical characteristics of four natural clayey 
WYFWXVEXE[IVIGSQTEVIHXSHMWGYWWXLIMVJIEWMFMPMX]EWPERHƤPPPMRIVW8SWXYH]XLIMV
chemical compatibility with leachate and rainwater, hydraulic conductivities were 
QIEWYVIHIZIV]ƛHE]WWTVIEHSZIV[IIOWSJGIRXVMJYKEXMSREXKVEZMXMIW%X
ƤIPHWGEPIXLMWMWIUYMZEPIRXXSIZIV]]VWWTVIEHSZIV]VW%PPXLIGPE]I]WYF-
strata had favourable properties for the attenuation of leachate pollutants, although 
different management options should be applied for each one. London Clay (smec-
tite-rich) is the best material based on the sorption capacity, hydraulic conductivity 
and low erodibility, but has the greatest susceptibility to excessive shrinkage and 
alterable clay minerals that partially collapse to illitic structures. Oxford Clay (illite 
rich) is the best material for buffering acid leachates and supporting degradation of 
organic compounds. The Coal Measures Clays (kaoline-rich) have the lowest sorp-
tion capacity, but also the lowest plasticity and have the most resistant clay minerals 
to alteration by leachate exposure.
1. INTRODUCTION
0IEGLEXIWTVSHYGIHMRQYRMGMTEPPERHƤPPWGSRWXMXYXIE
health and environmental problem due to the different pol-
PYXERXWXLI]GSRXIRX*SVXLMWVIEWSRPMRIVWEVIVIUYMVIHXS
minimise offsite migration of leachate. Two types of liners 
EVIGYVVIRXP]YWIHMRQSHIVRPERHƤPPWW]RXLIXMGPMRIVWX]T-
ically made of HDPE, and natural liners, typically made of 
compacted clay (Adar and Bilgili, 2015; Wei et al., 2018). 
Synthetic liners offer long-term impermeability to leachate 
but imply a high technology input and can be affected by 
WPSTI WXEFMPMX] MRXIVJEGI WLIEV WXVIRKXL /EZE^ERNMER IX
al., 2006) and physico-chemical, thermal and mechanical 
TVSFPIQW /SRK IX EP  [LMGL QE] VIWYPX MR JEMPYVI
within 10 yrs of service (Rowe and Sangam, 2002; Rowe 
et al., 2003). Compacted clay liners are puncture-resistant 
and have advantageous reactive properties, but can be un-
stable in contact with leachate and susceptible to crack-
ing under repeated wetting and drying cycles (Louati et al., 
2018; Yesiller et al., 2000). 
Because containment liners eventually fail independent-
P]SJXLIMVPS[TIVQIEFMPMX]TVSTIVXMIWPERHƤPPWEVITSXIRXMEP
“ticking time bombs” that store and isolate waste until the 
GSRƤRIH TSPPYXERXW EVI EGGMHIRXEPP] VIPIEWIH XS XLI IRZM-
ronment in leachate. However, the intrinsic reactive prop-
erties of clays means they can biogeochemically interact 
with pollutants in leachates to decrease their availability 
ERHTSXIRXMEPLE^EVHWSZIVXMQI8LMWVIEGXMZMX]SVEXXIRYE-
tion) is enhanced if rainwater is allowed to enter the waste 
because then waste degradation is boosted, which acceler-
EXIWMXWWXEFMPM^EXMSR%PPIR8LIEXXIRYEXMSRGETEGM-
ty of natural liners results in shorter periods of (1) potential 
release of pollutants and (2) aftercare monitoring, with sub-
WIUYIRXP]PS[IVPERHƤPPGSWXERHPIWWVMWOSJIRZMVSRQIRXEP
contamination. However, most attention has traditionally 
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focused on the impermeability properties of liners as a 
performance characteristic. Here we focus on both imper-
meability and attenuation capacities, without relying solely 
on the impermeability (or containment) role, as a basis to 
improve liner design and performance. This dual capability 
can in principle be included in the engineering design of 
compacted clay liners to manage both organic and inor-
KERMGTSPPYXERXWMRPIEGLEXI8LSVRXSRIXEP
The attenuation capacity, low cost and ease of imple-
mentation of compacted clay liners makes them more 
attractive than synthetic geomembranes on their own 
MR PERHƤPP PMRIV W]WXIQW 8LMW MW TEVXMGYPEVP] MQTSVXERX MR
low-income countries where >90% of waste is openly 
HYQTIH/E^EIXEPERHMRVIQSZMRKSVKERMGTSPPYX-
ants (Beaven et al., 2009). However, clays are very diverse 
in their physico-chemical properties and the suitability of 
the clayey substratum as a potential liner must be proper-
ly evaluated (Widomski et al., 2018). This task is complex 
and, in order to avoid any adverse effects, must consider 
the factors and the interactions between them, which af-
fect leachate-liner system. There are many factors involved, 
such as liner mineralogy, shrink/swell potential, sorption 
GETEGMX]HMWTIVWMZIIVSWMSRFILEZMSYVERHƥYMHTIVQIEFMP-
ity. If the clay plasticity is too high, construction of the liner 
FIGSQIWQSVIHMJƤGYPXERH XLIW[IPPMRKWLVMROMRKGVEGO-
MRK TSXIRXMEP QSVI WMKRMƤGERX EW E JEMPYVI QIGLERMWQ
In this study, the feasibility of four natural clayey sub-
WXVEXEEWPERHƤPPPMRIVW[EWIZEPYEXIH8LIMVTL]WMGSGLIQ-
ical, mineralogical and geotechnical characteristics 
were studied and the results were discussed in terms of 
strengths and weaknesses as candidate materials for land-
ƤPPPMRIVW*MREPP]XLITSXIRXMEPJSVEXXIRYEXMSRSJTSPPYXERXW
in leachate by each material was evaluated for sustaina-
FPI PERHƤPPETTPMGEXMSRW8LIEMQ[EW XSGLEVEGXIVMWI XLI
relevant properties of the different clays in order to iden-
tify those which are geotechnical stable and effective in 
pollutant attenuation for liner design. This is essential to 
prevent pollution of the environment and protect human 
LIEPXLJVSQPIEGLEXIWTVIEHMRKSZIVKVSYRH[EXIVEUYMJIVW
SVEHNEGIRXVMZIVWERHPERHW
2. MATERIALS AND METHODS
2.1 Materials
*SYV GPE]I] WYFWXVEXE JVSQ XLI 9RMXIH /MRKHSQ [IVI
studied: London Clay (LC), Oxford Clay (OC), and shallow 
and deep Coal Measures Clays (SCMC and DCMC) (Table 
1). The LC originated from shale, greensand, chalk, and la-
teritic soils during a sea level rise over the Northern Sea 
Basin. It is a silty to very silty clay, slightly calcareous with 
disseminated pyrite. The OC, collected from the Peterbo-
rough Member, contained many visible fossils (vertebra-
te and invertebrate), particularly bivalves (Meleagrinella). 
In contrast to the two previous clays, the Coal Measures 
'PE]W SVMKMREXIH MR E ƥYZMSHIPXEMG IRZMVSRQIRX ERH EPWS
have a relatively high proportion of iron sulphides (pyrite, 
marcasite) and gypsum, the latter following pyrite weathe-
ring. These Coal Measures Clays consist of interbedded 
GPE]WLEPIWWMPXERHWERHMRXIVWXVEXMƤIH[MXLGSEP
%TTVS\MQEXIP]    ERH  OK SJ VIWTIGXMZIP]
LC, OC, SCMC and DCMC were recovered in-situ between 
June and July 2018. The pore water and cation exchange 
complex compositions were analysed in several subsam-
ples before oven drying. The exchangeable cations were 
analysed in air-dried and powder samples (prepared with 
agate mortar and pestle) after applying 3 cycles of 10 sec 
SJYPXVEWSRMƤGEXMSRXSEWYWTIRWMSRSJQKGPE]MR
Q0HIMSRM^IH[EXIV8LIIPIQIRXEPGSQTSWMXMSRERHQMRI-
ralogy were determined after oven drying and grinding to 
E ƤRI TS[HIV *SV KISXIGLRMGEP XIWXW XLI GSRKPSQIVEXIW
were oven dried to remove residual moisture and the dry 
PYQTWFVSOIRYTYRXMPETEVXMGPIWM^I GQ[EWEGLMIZIH
*SVXLMWEVEQQIVERHWIZIVEPTIVJSVEXIHWGVIIRXVE]WƤX-
ted in a CONTROLS sieve shaker (Model 15 d040/a1) were 
YWIHERHXLIGPE]WƤVWXVIHYGIHMRXSETTVS\MQEXIP]GQ
EKKVIKEXIPYQTW2I\XXLI GQTEVXMGPIW[IVIVIGSZI-
red separately and the 0.2-2 cm lumps put into a bench soil 
KVMRHIV,YQFSPHX'SERHFVSOIRYTXSEGLMIZI GQ
WM^I%PPVIWYPXWEVII\TVIWWIHEWEJYRGXMSRSJHV]QEWW
2.2 Analyses
The concentrations of nitrogen, carbon, hydrogen and 
WYPTLYV[IVIEREP]WIHMRHYTPMGEXIWEQTPIWKVSYRHXSƝ
GQKYWMRKE8LIVQS7GMIRXMƤG*0%7,)PI-
QIRXEP%REP]^IV ',278LI VIQEMRMRKIPIQIRXWI\GITX
oxygen and the halogens were analysed using a Spectro-
Ciros-Vision radial ICP-OES instrument after acid digestion 
SJERHKEXq'*SVXLMWQ0SJEUYEVIKME
was applied for 30 min followed by two 1 mL volumes of 
HF for 10 min, and the resulting solution was eluted up to 
Q0[MXLɅQEWW	,23
3
. The mineralogy was determi-
RIHF]<VE]HMJJVEGXMSR<6(YWMRKE2MƤPXIVIH'Y/ºVE-
diation (k = 0.15406 nm) in a Philips X’Pert diffractometer, 
London Clay (LC)
Oxford Clay from Peterborough 
Member (OC)
Shallow Coal Measures Clay 
(SCMC)
Deep Coal Measures Clay 
(DCMC)
0SGEXMSR9/ North Essex Northwest Buckinghamshire West Yorkshire, collected close 
to the surface
West Yorkshire, collected at a 
greater depth
Age
Eocene:
1E
At the end of the Middle Juras-
sic: 164-166 Ma
Upper Carboniferous: 
310 Ma
Upper Carboniferous:
310 Ma
Origin Deep marine sediments Deep marine sediments Fluvio-deltaic sediments Fluvio-deltaic sediments
Colour / 
appearance
9RMJSVQƤVQFVS[RGSPSYV Grey colour with carbonaceous 
shells and rootlets
Dark grey-dark brown colour
Two-coloured: orange-light 
brown and dark brown
Selected 
references
*ERRMR/IQTERH;EKRIV
2006
Fannin 2006; Hudson and Mar-
till, 1994; Scotney et al., 2012
Freeman, 1964, McEvoy et al., 
2016
Freeman, 1964, McEvoy et al., 
2016
TABLE 1: Information about the natural clayey substrata samples.
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STIVEXMRKEXO:ERHQ%[MXLEWXITWM^ISJERH
a speed of 2 s/step. The samples were prepared by both 
WTVE]IH VERHSQ TS[HIV EJXIV KVMRHMRK HS[R XS  ͲQ
ERHƥEXSVMIRXIHWPMHIWEJXIVSFXEMRMRKXLI ͲQJVEGXMSR
by dispersant and Stokes’ law). Each oriented sample was 
prepared from a suspension of 0.1 g of the clay-fraction in 
2 mL of a solution in three ways: (1) in water and air drying, 
(2) in water and 550°C drying for 2 h, and (3) in a glycerol 
WSPYXMSR ERH EMV HV]MRK 1SSVI ERH 6I]RSPHW 8LI
software PDF-4+ 2019 (version 4.19.0.1) and the database 
v. 4.1903 were used for data interpretation. The content of 
organic matter, sulphides, hydroxyl groups and carbonates 
phases was determined by termogravimetrical analysis 
(TGA). Replicates between 0.015-0.030 g were heated 
from 30 to 995°C at a rate of 20°C/min with a TGA 4000 
Perkin Elmer under two atmospheres: N
2
 and O
2
 gas (20 
mL/min). The results were interpreted in combination with 
XLI',27-'43)7ERH<6(VIWYPXW8LII\XIVREPWTIGMƤG
surface area was measured in 0.2-0.5 g of degassed ma-
terial (60°C) by the Brunauer-Emmett-Teller (BET) method 
SJ RMXVSKIR KEW WSVTXMSR EX  / MR FSXL E 1MGVSQIVMXMGW
Tristar II 3020 and Beckman Coulter SA-3100. The material 
was prepared from 1 g of original sample gently ground to 
  vQ EX PIEWX  G]GPIW ERH HMWGEVHMRK XLI JVEGXMSR
FIPS[vQ&IVXMIVIXEP8LITEVXMGPIWM^IHMWXVM-
bution as volume percent was determined by the Malvern 
1EWXIVWM^IV ® (double) Laser Diffraction (software 
version 3.62) assuming the refractive index and density of 
silica SIO
2
 VIWTIGXMZIP]  ERH  KGQ3). Samples 
were dispersed in distilled water by stirring at 2500 rpm 
and ultrasonic treatment. Measurements of 10 min dura-
tion were repeated in the same sample until the results 
were constant and an average taken. 
The pore water chemistry was obtained by mixing 20 
Q0SJHIMSRM^IH[EXIVXSKSJ[IXGPE]EXVSSQXIQTIVE-
ture. Sample pH was measured with a pH glass electrode 
in the water:clay mixture after settling for 24 h and shaking 
prior to the analysis. The solution was then centrifuged 
ERHƤPXIVIHૄm) to measure the electrical conducti-
vity with a 0.4-cm sensor, and the soluble elements. The 
soluble anions and cations were analysed by ion chroma-
tography (Dionex ICS-3000), the alkalinity by titration with 
H
2
SO
4
 (HACH digital titrator) and the carbon soluble spe-
GMIW YWMRK E 83':'7, EREP]WIV 7LMQEH^Y %7-: 8LI
cations in the exchange complex were determined as the 
difference between the cations extracted with a 1.26 M 
SrCl
2
 solution (80 mL) minus the soluble fraction extracted 
with water (80 mL) after shaking with 5 g of clay for 10 
minutes (Edmeades and Clinton, 1981). Due to the high 
ionic strength of the SrCl
2
 solutions, sodium, potassium, 
calcium and magnesium in these extracts were analysed 
by atomic absorption spectroscopy, AAS (HITACHI Polari-
^IH>IIQER>[LIVIEWEQQSRMYQ[EWEREP]WIHF]
atomic emission spectroscopy. LaCl
3
 was added at 20% to 
standards and samples for the AAS analyses of calcium 
and magnesium. The cation-exchange capacity (CEC) was 
determined by copper complex with Cu-triethylenetetrami-
RIEXT,[MXLETLSXSQIXIVEXE[EZIPIRKXLJSVQE\M-
QYQI\XIRWMSRSJRQ,SPHIRIXEP7XERNIOERH
/ʀROIP
To study the consistency and engineering behaviour of 
the materials, the clay samples were hydrated with diffe-
rent amounts of water for 24 hours in sealed plastic bags 
prior to index property tests (Head, 2006). The consistency 
[EWWXYHMIHMRXLI ૄm fraction (250 g) by the deter-
QMREXMSRSJX[SWTIGMƤG[EXIVSVQSMWXYVIGSRXIRXWXLI
PMUYMHPMQMX00[EXIVGSRXIRXXLEXWITEVEXIWXLITPEWXMGERH
PMUYMHWXEXIWERHXLITPEWXMG PMQMX40[EXIVGSRXIRXXLEX
separates the semi-solid and plastic states). The change 
SJ GPE] GSRWMWXIRG] JVSQ TPEWXMG XS PMUYMH WXEXI [EW HI-
termined by the free-falling cone test at a penetration of 
GQMRXSXLI[IXWEQTPI[MXLHYTPMGEXIWHMJJIVMRKƝ
GQ&78LIGLERKISJGPE]GSRWMWXIRG]
from semi-solid to plastic state was determined by manual 
rolling wet samples (20 g) until threads of 0.3-cm diameter 
FIKMRXSGVYQFPI[MXLJSYVVITPMGEXIWHMJJIVMRKƝ	QSMWXY-
VI GSRXIRX SJ XLIMV 40 &7   ERH %781 (
4318, 2015). To know the range of water content in which 
the clayey material has a plastic consistency, the plasticity 
index (PI) was calculated as the difference between the LL 
and the PL (Head, 2006). All actual moisture contents were 
HIXIVQMRIHSREQEWW	HV]FEWMW)UYEXMSREJXIVSZIR
drying 5-10 g of material (105°C, 48 h) with duplicates that 
HMJJIVƝ	
 (1)
where MC is the moisture content dry basis (%), m
0
 is the 
mass of wet sample before moisture removal (g), m
d
 is the 
mass of sample after drying (g), m
0,c
 is the mass of wet 
sample plus container before moisture removal (g), m
d,c
 is 
the mass of sample plus container after drying (g) and m
c
 
is the mass of the container (g).
The optimal condition of the clays at which the suscep-
tibility to settlement is reduced was studied by applying 
the same compactive effort in different hydrated samples 
(240-540 mL water in 1600-1800 g clays). The compaction 
was placed into a mould of 5.25 cm radius by 11.55 cm 
LIMKLX MR XLVII IUYEP PE]IVW WYFNIGXIH XS  FPS[WɅ IEGL
one, by a 2.5 kg rammer of 2.5-cm radius that dropped 
JVSQELIMKLXSJGQ&78LISTXMQYQ
moisture content (OMC) was selected on the basis of the 
maximum dry (bulk) density (MDD) after the compaction. 
8SGEPGYPEXIXLITEVXMGPIHIRWMX]SJXLIWSPMHWXLIWTIGMƤG
gravity (G
s
) was obtained by triplicate tests at 20°C, in de-
WMGGEXIH QEXIVMEPW SJ   GQ WM^I  K YWMRK EMVHVMIH
T]GRSQIXIVWSJQ0 &7FYXq' MR-
stead of 25°C). The porosity (n) was calculated as a per-
GIRXEKIJSPPS[MRK)UYEXMSR )UYEXMSR JSV XLISTXMQEP
conditions). The slight difference between n and void ratio 
(e) is that the latter measures the void volume (the sum of 
V
air
 and V
w
) in relation to the volume of the solid instead of 
the total volume. Thus, e (normally expressed as a ratio) 
can be >1, but n cannot be higher than 100%.
     (2)
   (3) 
where V
air
 is the volume of the air (mL), V
w
 is the volume of 
the water (mL), V
T
 is the total volume (mould of 1000 mL), 
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V
s
 is the volume of the solid particles (mL), m
d,OMC
 is the 
HVMIHQEWWSJWEQTPIEXXLI31'KERH+WMWXLIWTIGMƤG
gravity (unitless).
%WWYQMRK XLEX ZSPYQIW SJ ZSMHW ƤPPIH [MXL EMV EVI
constant (ᢡ
air,i
), lines at different air void (ᢡ
air,1
, ᢡ
air,2
…) and 
saturation values can be drawn as a function of dry bulk 
HIRWMX]¼
d,i
VIPEXMZIXSXLIQSMWXYVIGSRXIRXVEXMS)UYEXMSR
4). The difference between air void line (ᢡ
air
) and saturation 
(s) is that the latter ratio measures the volume of water 
in relation to the void volume instead of the total volume. 
8LI^IVSEMVZSMHPMRIᢡ
air 
= 0) corresponds to the maximum 
saturation ratio (s = 1).
                                 being    (4)
[LIVI¼
d,i
 and MC
i
 are the dry bulk densities (g/cm3) and 
the moisture contents (ratio) corresponding to the air void 
constant i, ᢡ
air,i
 is the line corresponding to an air void and 
saturation constant i related to the total volume (ratio), G
s
 
MWXLIWTIGMƤGKVEZMX]YRMXPIWWERH¼
w
 is the density of wa-
ter (1 g/cm3).
8LI WTIGMƤG ZEPYI JSV XLI EMV ZSMH ERH WEXYVEXMSR PMRI
after compaction at the optimal conditions (ᢡ
air,opt
) was cal-
GYPEXIH[MXLXLI¼
d,i
 and MC
i
IUYEPXS1((ERH31'VEXMS
VIWTIGXMZIP])UYEXMSR
 (5)
The potential swell (S %) was determined based on its 
VIPEXMSRWLMT [MXL XLI %XXIVFIVK PMQMXW F] XLI [IPPHIƤRIH
IQTMVMGEP)UYEXMSR7IIHIXEP 
 (6)
where PI is the plasticity index (%).
8LI L]HVEYPMG GSRHYGXMZMX] SV TIVQIEFMPMX] GSIJƤGMIRX
/ [EW QIEWYVIH MR EPYQMRMYQ TIVQIEXMSR G]PMRHIVW F]
centrifuging at 25 gravities (Regadío et al., 2020). Mo-
del liners were compacted into of 5 cm radius by 10 cm 
height cylinders after being hydrated with tap water at the 
31'0IEGLEXI JVSQEQYRMGMTEPWSPMH[EWXI PERHƤPPERH
VEMR[EXIV[IVIYWIHEWTIVQIEXMRKƥYMHW6EMR[EXIV[EW
normally used for permeating model liners previously per-
QIEXIH[MXLPERHƤPPPIEGLEXI)PIZIRG]PMRHIVWSREZIVEKI
were assembled per centrifuge test, each one connected 
to an intake line. All intake lines came from a common tank 
that provided continuous permeation to all the cylinders by 
applying a pressure of 1.1 bar. The tests were conducted 
under a 50% CO
2
/N
2
 anaerobic gas (for leachate permea-
tion) or under compressed air (for rainwater permeation). 
8LI ƥYMH LIEH MR XLI XERO XLEX TVSZMHIH XLI TIVQIEXMRK
ƥYMH[EWQIEWYVIHIZIV]ƛHE]WHYVMRK[IIOWYRHIV
leachate permeation, or 4.5 weeks under rainwater perme-
EXMSR8LI/QIEWYVIHMRXLIGIRXVMJYKEPTIVQIEFMPMX]XIWXW
(“experimental model”) had a 25-fold enhanced gravity. To 
GEPGYPEXIXLIGSVVIWTSRHMRKVIEPZEPYIMRXLIƤIPH/ŰTVS-
totype”), the scaling law (Ng, 2014) was applied in the fal-
PMRKLIEHIUYEXMSRJSV PIWWTIVQIEFPIWSMPW ,IEH
EHETXIHXSXLMWQIXLSH)UYEXMSR
                                  , being  
[LIVI/
exp.m
 is the hydraulic conductivity in the experimen-
tal model (m/s), n is the enhanced gravity applied in the 
centrifugal experiment (25), a is the cross area of the tank 
(0.06158 m2), L is the lengh of the liner specimen (0.10000 
Q%MWXLIGVSWWEVIESJXLIPMRIVWTIGMQIRQ2), t 
is the time period considered for the calculation (seconds), 
LMWXLILIEHMRXLIXEROEXXLIMRMXMEPMJWYFWGVMTXERHƤ-
nal (if subscript 1#) points, # is the number of model liners 
connected to the tank.
3. RESULTS
3.1 Elemental composition and mineralogy
The four clayey substratum were mainly composed 
of silicium and aluminium, followed by iron, potassium, 
hydrogen and magnesium (Figure 1). This agreed with the 
expected high presence of clay minerals, potentially higher 
in Coal Measures Clays (see below). Silica, potassium, ti-
tanium, and especially magnesium were higher in the LC. 
The OC was notable for its high content in calcium, carbon, 
sulphur (g/kg) and strontium (mg/kg), with lower silica, iron 
and phosphorus content. The Coal Measures Clays were 
notable for their high concentration of aluminium, nitrogen 
and manganese, whereas the concentration of calcium, 
sodium, potassium, strontium and boron were the lowest 
within the four samples. In the case of SCMC, there was 
more carbon, nitrogen and sulphur than in DCMC. (Figure 1).
All samples contain smectite, illite, kaolinite and chlorite 
but in different proportions (Figure 2). Smectite was most 
important in LC, illite together with kaolinite in OC, and ka-
olinite (followed by illite) in the Coal Measures Clays. To a 
lesser extent, phlogopite mica was detected in LC, chlorite 
MRFSXL0'ERH3'ERHMRXIVWXVEXMƤGEXMSRQM\XYVISJPE]IVW
of illite/smectite in OC and the two Coal Measures Clays.
5YEVX^ERHJIPHWTEVW[IVIXLIQSWXMQTSVXERXTLEWIW
in all materials. These are accompanied by oxides except 
in the OC, which mainly contained calcium carbonate and 
iron sulphide (calcite and pyrite). Also relatively high levels 
of sulphides were found in SCMC, whereas, there were 
ƥYSVMHIWERHS\MHIƥYSVMHIMR('1'*MKYVI8LIQEWW
loss through heating due to dehydroxylation (associated 
with the mass of clay minerals) was the highest in the Coal 
Measures Clays (5-9%), while the highest mass loss due 
to decomposition of organics, sulphides and carbonates 
phases corresponded to OC (2, 4 and 5% respectively). Par-
ticulate organic matter as an associated material in these 
clays was especially high in the OC. It varied from 1.1 to 
3.5% in the OC, in contrast to LC, SCMC and DCMC, which 
KEZIWXIEH]ZEPYIWSJERH	VIWTIGXMZIP]8LI
variability in the particulate organic matter content in the 
OC was due to its presence in many diverse forms: disse-
minated organic matter, coarse lignite fragments and fos-
sils. Similarly, the carbonate phases in the OC varied from 
4.5 to 6% due to the spread of carbonaceous shells.
3.2 Pore water and mineral surface characteristics
The LC had the highest natural moisture content fol-
lowed by the OC (39 and 25 ± 2%, respectively), whereas 
SCMC and DCMC had the lowest values (10 and 12 ± 1%, 
respectively). This indicates a decreased water absorption 
and porosity from LC > OC > Coal Measures Clays. The pore 
water composition of the clayey materials of the OC was 
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the most basic due to the presence of calcium carbonate 
TLEWIWT,ERHXLI0'[EWGPSWIXSRIYXVEPT,-R
contrast, the SCMC and DCMC were acidic (pH 3.8 and 5.4, 
respectively). Consistent with this, alkalinity was only pre-
sent in the OC (10.3 mmol/kg as CaCO
3
ERH0'QQSP
kg as CaCO
3
). The total dissolved ion content in terms of 
IPIGXVMGEPGSRHYGXMZMX]MREUYISYWI\XVEGXW07[EW
between 1-3 mS/cm, except for DCMC (0.1 mS/cm) and 
for OC (5 mS/cm). The predominant soluble anion in all 
samples was sulphate (SO
4
Ɨ), mainly balanced by calcium 
(Ca2+) and sodium (Na+) in both the LC and OC, by magne-
sium (Mg2+) and Ca2+ in the SCMC and mostly Na+ in the 
('1-REPPGEWIWXLIGSRGIRXVEXMSRSJTSXEWWMYQ/+) was 
very low and ammonium (NH
4
+) was not detected. Only the 
3'LEHEWMKRMƤGERXGSRXIRXSJWSPYFPIGEVFSRMRXLITSVI
water (10 mg/g).
As expected the exchangeable cations on the negati-
vely charged sites of the clays and particulate organic mat-
ter were similar to the most abundant in the pore water. 
The sum of exchangeable cations often exceeded the to-
tal charge of the clay (CEC), due to high concentrations of 
Ca2+ released by dissolution of carbonate minerals. Thus, 
the CEC was measured directly instead of estimating this 
from the sum of exchangeable cations, to avoid bias from 
Ca2+ 8LI ')' EX T,  HIGVIEWIH MR XLI SVHIV 0' 
cmol+/kg) > OC (16 cmol+/kg) > Coal Measures Clays (13 
GQSPOK8LII\XIVREPWTIGMƤGWYVJEGIEVIEMRGVIEWIHMR
XLISVHIV0' 3' ('1' 7'1'rr
rrQ2/g, respectively). The highest va-
lues corresponded to the material with the highest amount 
of hydrous aluminium phyllosilicates minerals (Coal Me-
asures Clays), followed by the material with the highest 
amount of particulate organic matter (OC). Nonetheless, 
the total surface area (external plus internal) of the LC may 
be one of the largest due to its higher content of expan-
dable clay minerals (illite + smectite) than non-expandable 
ones (kaolinite + chlorite). 
3.3 'SRWMWXIRG]GPEWWMƤGEXMSRERHTVSTIVXMIW
The moisture contents at PL and LL were determined 
to identify clays susceptible to dispersion and excessive 
WLVMROEKIMRXLIƤIPH8EFPI8LIWITEVEQIXIVWGERHM-
WXMRKYMWLFIX[IIRWMPXERHGPE]WM^IERHSVKERMGSVMRSV-
FIGURE 1: Elemental composition of London Clay (LC), Oxford Clay (OC), shallow Coal Measures Clay (SCMC) and deep Coal Measures 
Clay (DCMC).
FIGURE 2: Sheet-silicate mineralogy of London Clay (LC), Oxford 
Clay (OC), shallow Coal Measures Clay (SCMC) and deep Coal 
Measures Clay (DCMC). Water: water and air drying preparation, 
GL: glycerol and air drying preparation, 550°C: water and 550°C 
HV]MRKTVITEVEXMSR7WQIGXMXIHVIƥIGXMSRYRHIV+0TVITEVE-
XMSR'GLPSVMXIERH-MPPMXIHVIƥIGXMSRWYRHIVEPPXLVIITVITE-
VEXMSRW/OESPMRMXIHVIƥIGXMSRYRHIV[EXIVERH+0TVITEVE-
tions.
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KERMGGLEVEGXIV%PPGPE]WLEHE00"	GSRƤVQMRK XLEX
they were cohesive materials. The LL and PI varied in the 
order: LC > OC > Coal Measures Clays, consistent with the 
dominant sheet silicate in each material: smectite, illite/ka-
olinite and kaolinite, respectively. The LC and OC had high 
plasticity, high toughness and high to very high dry strength 
(Figure 4). The high plasticity of LC was notable for the bro-
ad range of water contents at which this clay had plastic 
GSRWMWXIRG]JVSQXS	MI4-!	X[MGIXLEXSJ
the OC. This is due to the presence of smectite (expandable 
GPE]QMRIVEPERHXLILMKLIVGSRXIRXSJGPE]WM^ITEVXMGPIW
in the LC compared with the other clays with a higher silt 
content. Ninety vol% of the LC was composed of particles 
Ɲૄm, whereas 90 vol% of the DCMC, SCMC and OC were 
QEHIYTSJTEVXMGPIWƝૄQƝૄQERHƝૄm, re-
spectively. The two Coal Measures Clays gave similar re-
sults: intermediate plasticity, medium toughness and high 
dry strength. The potential to swell decreased from LC >> 
OC > SCMC > DCMC (30.2, 5.3, 2.6, 2.4%), as expected from 
the mineralogy and PI results. All studied materials had no 
HMWTIVWMZIGPE]ƤRIWEW XLIWIHSRSXSGGYV MRGPE]W JVSQ
intermediate to high plasticity with smectite. On the con-
XVEV]HMWTIVWMZIGPE]WX]TMGEPP]ETTIEVMRWSMPWGPEWWMƤIHEW
clayey of low plasticity (CL), sometimes also in silty and/or 
sandy soils with low plasticity (ML, CL-ML) (Figure 4).
The “A-line” on the plasticity chart (Figure 4) denotes 
the empirical boundary between inorganic materials and 
clays (above line) and organic clays and clastic silts (be-
low line). The OC fell on the dividing line between inorga-
nic and organic categories, while Coal Measures Clays and 
the LC fell above the line in the inorganic region, being the 
DCMC close to the organic silts, and the LC the most inor-
ganic clay. 
3.4 Compaction and permeability behaviours
Clays are normally compacted for placing and construct-
ing the clay liners because to increase the shear strength 
and bearing capacity, which limits future settlement. In 
addition, the void ratio and permeability is decreased, and 
variations in volume change are less pronounced. Conse-
UYIRXP] GPE]W EVI PIWW WYWGITXMFPI XS GVEGOMRK XLEX [SYPH
SJJIV TVIJIVIRXMEP ƥS[ TEXLW JSV PIEGLEXI PIEOEKI ERH
groundwater seepage. To optimise this, clays should be 
GSQTEGXIH GPSWI XS XLI 31' XLI UYERXMX] SJ [EXIV RIG-
FIGURE 3: Left: Global mineralogy by sprayed random powder of London Clay (LC), Oxford Clay (OC), shallow Coal Measures Clay (SCMC) 
and deep Coal Measures Clay (DCMC). Right: TGA curves with mass relative to the mass after dehydration (removal of interlayer water): 
(a-b) mass loss mainly due to thermal decomposition of organic matter, (b-c) mass loss due to thermal decomposition of sulphides, (c-
HQEWWPSWWHYIXSHIL]HVS\]PEXMSRHIQEWWPSWWHYIXSXLIVQEPHIGSQTSWMXMSRSJGEVFSREXIERHIIRHQEXIVMEPWZMXVMƤGEXMSRERH
JSVQEXMSRSJRI[TLEWIWVIGV]WXEPPM^EXMSR
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essary to achieve the maximum dry (bulk) density. Under 
the same compaction effort, the OMC followed the order 
LC > OC > Coal Measures Clays, while the maximum dry 
FYPOHIRWMXMIW JSPPS[IH XLI MRZIVWIWIUYIRGI *MKYVI
8LIGPE]WIUYIRGIJSV31'EKVIIH[MXLXLSWIJSVEMVZSMH
lines and for porosity (both after compaction at the optimal 
conditions), and with the higher plasticity of LC, followed by 
OC, which could accommodate more water to achieve their 
maximum dry densities than the Coal Measures Clays. The 
TEVXMGPI HIRWMX] SJ XLI WSPMHW MR XIVQW SJ WTIGMƤG KVEZMX]
followed the order LC > Coal Measures Clays > OC due to 
the higher particulate organic matter content of the last one 
(Figure 5). Both Coal Measures Clays had very similar con-
sistency and engineering behaviour (Figure 4 and Figure 5).
8LI / JSV PIEGLEXI ERH VEMR[EXIV XLVSYKL XLI QSWX
plastic clays (LC and OC) amended with sandy materials 
[EWQIEWYVIHSZIVXMQI-REPPXLVIIXIWXWVYR[MXLPERHƤPP
PIEGLEXI/WPMKLXP]MRGVIEWIHJVSQMRMXMEPZEPYIWSJERH
0.3ή10-9 m/s to a maximum of 0.6 and 0.8ή10-9 m/s after 
ER MRMXMEP XMQI IUYMZEPIRX XS  ]VW8LIR / HIGVIEWIH
to comparable values at the start (Figure 6). Only on three 
separate occasions during leachate permeation through 
PMRIVWSJ	WERH/I\GIIHIHXLIQE\MQYQPIKEP PMQMX
in the beginning (between 0 and 3.1 yrs), in the middle (be-
tween 8.2 and 10 yrs) and towards the end (between 25.4-
]VW,S[IZIVXLIEZIVEKISJ/QIEWYVIQIRXWXEOIR
MRHMJJIVIRXTIVMSHWSZIVEXSXEPQSHIPPIHXMQIIUYMZEPIRX
to 32 yrs prototype of leachate through the liners of 20% 
sand was 0.8ή10-9 m/s (± 0.6ή10-9), and lower through the 
liners of 10% sand (0.3ή10-9 m/s (± 0.2ή10-9)). When chang-
MRKXSVEMR[EXIVXLSYKLPMRIVWSJƛ	WERHXLIVI[EWEPWS
MR XLI FIKMRRMRK E WPMKLX MRGVIEWI SJ / [MXL XMQI YT XS
0.5ή10-9 QW JSPPS[IH F] E HIGVIEWI [MXL E WXEFMPM^EXMSR
around 0.2ή10-9 m/s (±0.1ή10-9) from year 44 onwards (30 
yrs of leachate permeation followed by 14 yrs of rainwater, 
*MKYVI8LIEZIVEKISJ/JSVVEMR[EXIVTIVQIEXMSRXEO-
en over 16 periods of time within the total time modelled 
(53 yrs prototype) was 0.3ή10-9 m/s (±0.1ή10-9) though the 
PMRIVWSJƛ	WERH8LIEGGYQYPEXIH/GEPGYPEXIHEWEWMR-
KPIQIEWYVIQIRXSZIVXLIIRXMVIXIWXXMQIƛHE]WIEGL
XIWX[EWZIV]GPSWIXSXLIEZIVEKI/GEPGYPEXIH[MXLEPPMR-
XIVQIHMEXIQIEWYVIQIRXWXEOIRIZIV]ƛHE]WSZIVXLI
19-day tests (Table 3). This together with the small stand-
EVHHIZMEXMSRWSJXLI/MRPMRIVW[MXL	SVPIWWWERHHI-
RSXIW XLEX XLIMV/ZEVMEXMSRHIWGVMFIEFSZI[EWRSXZIV]
WMKRMƤGERX
4. DISCUSSION
Based on the previous analysis, the feasibility of the 
JSYVREXYVEPGPE]I]WYFWXVEXEXSEXXIRYEXIPERHƤPPPIEGLEXI
MWHMWGYWWIHFIPS[%PXLSYKLMXWGSQTSWMXMSRZEVMIWPERHƤPP
leachate always contains high concentrations of Na+ /+, 
FMGEVFSREXIERHGLPSVMHI[MXLWMKRMƤGERX2,
4
+ and organic 
compounds. The heavy metal content is generally relatively 
PS[SJXIRSJRSQENSVGSRGIVRERHPMQMXIHXSGLVSQMYQRM-
GOIPERH^MRG%YGSXX/NIPHWIRIXEP%W2,
4
+ 
ERH/+EVIQENSVIPIQIRXWMRPERHƤPPPIEGLEXIERHZMVXYEPP]
absent in these Ca-clay mineral liners, both can be used 
as tracers in leachate migration studies. The differences 
between the clayey substrata on porosity, density, sorption, 
WYVJEGITPEWXMGMX]TIVQIEFMPMX]EVIHYIXSXLIMVɅSVMKMRTEV-
XMGPIWM^IERHQMRIVEPSK]8EFPIERHJVSQ*MKYVIXS
The presence of carbonaceous material is characteristic of 
clays formed in alluvial or shallow waters, as is the case 
[MXL'SEP1IEWYVIW'PE]W&EMR7QIGXMXI MWSJXIR
JSYRHMRXIVWXVEXMƤIH[MXLMPPMXIERHMRQM\XYVIW[MXLGLPSVM-
Linear regression LL, % PL, % PI, %
Slope Intercept Value (X when Y= 20) Value 67(TIVGIRXɄ Value
LC 0.552 -23.339  28 4.4 51
OC 1.136 -40.404 53 29 4.3 24
SCMC  -49.944 40 22 4.0 18
DCMC 1.368 -40.052 44 25 0.9 19
Linear regression: relationship of the cone penetration (Y-axis in mm, as a reverse measure of the shear strength) on the moisture content (X-axis in %), LL 
(or WL): liquid limit, PL (or WP): plastic limit, PI (or Pi): Plasticity index, RSD: relative standard deviation (the standard deviation divided by the average and 
multiplied by 100), LC: London Clay, OC: Oxford Clay, SCMC: shallow Coal Measures Clay, DCMC: deep Coal Measures Clay.
TABLE 2: 1SMWXYVIGSRXIRXWGSVVIWTSRHMRKXSXLI%XXIVFIVKGSRWMWXIRG]PMQMXW ͲQJVEGXMSR
FIGURE 4: 4PEWXMGMX]GLEVXJSVWSMPGPEWWMƤGEXMSR ͲQJVEGXMSR
of London Clay (LC), Oxford Clay (OC), shallow Coal Measures 
Clay (SCMC) and deep Coal Measures Clay (DCMC). Divisions 
of plasticity in: L: low, I: intermediate, H: high, V: very high and E: 
I\XVIQIP] LMKL EGGSVHMRK XS 97% ERH 9/ 3 WMKRMƤGERX SVKERMG
QEXIVMEP'GPE]I]1WMPX]ERHSVWERH]9RMƤIH7SMP'PEWWMƤGE-
tion System, USCS). aHMWTIVWMZIGPE]ƤRIW b non dispersive clay 
ƤRIW9PMRIYTTIVVIJIVIRGIFSYRHSJ4-JSVREXYVEPWSMPWHIƤRIH
F]X[SIUYEXMSRW4-!MJ00WƝERH4-!00MJ00W"
A-line: reference boundary of PI between the clay soils (above line, 
QSWXP]MRSVKERMGERHXLIWMPXWSMPWFIPS[MXHIƤRIHEPWSF]X[S
IUYEXMSRW4-!MJ00WƝERH4-!00MJ00W"
'EWEKVERHI
M. Regadío et al. / DETRITUS / In press / pages 1-148
IN 
PR
ESS
te and sometimes kaolinite in deep sea marine sediments, 
as for the LC and OC. A high silica-to-aluminium ratio is 
characteristic of clays with smectite minerals (Weaver and 
4SPPEVH EKVIIMRK[MXL XLEX XLI0' LEH XLILMKLIWX
values of this ratio and of smectite.
4.1 Evaluation as attenuation liners
In addition to the low permeability that they provide, 
compacted clays can attenuate leachate pollutants by 
sorption, dilution, redox transformations, biodegradation, 
TVIGMTMXEXMSRERHƤPXVEXMSR%PPIR+VMJƤRIXEP
Thornton et al., 1993). Attenuation here refers to a reduc-
tion of the mass of pollutants by naturally-occurring pro-
cesses (Regadío et al., 2015). These attenuation processes 
occur simultaneously and can affect more than one pol-
lutant in leachate. By sorption, pollutants are attached to 
mineral phases or particulate organic matter by a physical 
or chemical process, which encompasses ion exchange, 
adsorption, absorption and chemisorption. By redox tran-
sformations, organic and metal compounds are converted 
FIGURE 5: %MVZSMHPMRIWEMVZSP	SJXLIXSXEPZSPYQIERHGSQTEGXMSRGYVZIWYRHIV4VSGXSV&7XSIWXMQEXIXLISTXM-
QYQQSMWXYVIGSRXIRXWEX[LMGLXLIHV]FYPOHIRWMXMIWEVIQE\MQYQ(EWLIHWXVEMKLXW^IVSEMVPMRISVJYPP[EXIVWEXYVEXMSRPMRIWW!
Solid straights: air void lines at the optimum. n
opt
TSVSWMXMIWEXXLISTXMQYQEMVTPYW[EXIVZSP	SJXLIXSXEPZSPYQI+WWTIGMƤGKVEZMX]
(unitless). LC: London Clay, OC: Oxford Clay, SCMC: shallow Coal Measures Clay and DCMC: deep Coal Measures Clay.
FIGURE 6: ,]HVEYPMGGSRHYGXMZMXMIW/SJPERHƤPPPIEGLEXIJVSQ]IEVXSERHVEMR[EXIVJVSQ]IEVXSXLVSYKLQSHIPPMRIVWƛ
of averaged compositions made of clays and mixtures of clays with sandy non-cohesive materials. The mixtures were used to decrease 
the plasticity of London and Oxford clays and therefore its associated risk of shrinkage.
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into less toxic or immobile forms by electron transfer reac-
tions. By biodegradation, organic pollutants are chemically 
decomposed by microorganisms. By precipitation, metallic 
TSPPYXERXWFIGSQIPIWWFMSEZEMPEFPISVQSFMPI&]ƤPXVEXMSR
larger pollutants such as metal-organo complexes in the 
leachate remain physically trapped within the liner fabric. 
The surface of soil particles is critical for the chemi-
GEP VIEGXMSRW WSVTXMSR GSPPSMH ƤPXVEXMSR ERH XVERWTSVX SJ
contaminants. All clayey materials and especially the OC 
contained particulate organic matter (Table 1, Figure 3 
right, Figure 4) which has a large surface area and CEC. 
Particulate organic matter is important for the attenuation 
of contaminant molecules by sorbing them to its surface 
or fostering microbial communities that would breakdown 
the contaminants to less toxic or nontoxic compounds 
(see biodegradation below). The CEC in particulate orga-
nic matter and also in clay minerals is especially important 
for sorption. In this case cations in the pore water are sor-
FIHF]GPE]WXSRIYXVEPM^IXLIMVRIKEXMZIGLEVKIGVIEXIHF]
unbalanced substitutions of their structural cations. Sor-
bed native cations can be replaced by cationic pollutants 
in the leachate. Illites (present in the four clays here) have 
LMKL EJƤRMX] JSV WIPIGXMZI WSVTXMSR SJ 2,
4
+ ERH /+ due to 
XLIMV WM^I GSQTEXMFMPMX] [MXL XLI MRXIVPE]IV I\GLERKI WM-
XIW MR XLMW GPE] PEXXMGI +VMJƤR IX EP  7QIGXMXIW MR
XLI0'EPWSƤ\XLIWIGEXMSRWFYXXLMWHIWXEFMPM^IWWQIGXM-
XMGQMRIVEPWVIWYPXMRKMRMPPMXM^EXMSRMITEVXMEPGSPPETWISJ
WQIGXMXIW [MXL XLIMV WYFWIUYIRX GSRZIVWMSR MRXS MPPMXI -R
the case of larger cations, organic cations or organometal-
lic complexes in leachate, smectites sorbed these species 
preferentially relative to smaller, inorganic or uncomplexed 
QIXEPW/SYXWSTSYPSYERH/SVREVSW8LMWMWFIGEY-
se for the same valence these weakly hydrated cations 
are the easiest to sorb in the exchange sites than stronger 
hydrated small cations (Teppen and Miller, 2006), and only 
smectites have an exchanger interlayer space large enou-
gh to accommodate them. Smectite, along with vermiculite 
(interlayer Mg), has a high CEC, while illite has mid-range 
values and kaolinite very low values. Thus, the capacity to 
reduce the concentration of cationic pollutants in leachate 
by cation exchange reactions follows the order LC > OC > 
Coal Measures Clays. CEC generally increases with pH due 
to the development of greater negative charge (average pH 
MRPIEGLEXIMW
Anion sorption (bicarbonate, chloride, sulphate from 
PIEGLEXIMWPIWWIJƤGMIRXERHZIV]WMQMPEVJSVXLIHMJJIVIRX
clay minerals (kaolinite, smectite). It occurs at OH– ions 
exposed on the mineral edges and is enhanced by posi-
tively charged iron-oxide colloids (present in LC and Coal 
Measures Clays) associated with clays (Raymahashay, 
 &MGEVFSREXI MW XLI QENSV MRSVKERMG ERMSRMG GSQ-
pound in leachate and largely determines the acid-base 
neutralisation potential of the system. This is good for 
Coal Measures Clays which have no pH buffering capacity 
to attenuate acidic episodes caused for example by oxida-
XMSRSJWYPTLMHIWT]VMXIF] MRƤPXVEXMRKVEMR[EXIV8LSVR-
XSR IX EP 8LMW S\]KIREXIH [EXIV GER VIS\MHM^IH
sulphide phases, resulting in the release of previously 
attenuated metals that precipitated earlier in such immo-
bile phases (Regadío et al., 2013). Bicarbonates in the lea-
GLEXIMXWIPJ[SYPHTVSZMHIEGMHRIYXVEPM^EXMSRGETEGMX]XS
Coal Measure Clays which lack calcite. The acidity in Coal 
Measures Clays most likely arises from oxidation of pyrite 
MR XLIYTTIV[IEXLIVIH^SRI[LMGLTVSHYGIWE PS[T,
gypsum and amorphous iron oxides as by-products. Ch-
PSVMHIMWRSXWMKRMƤGERXP]EXXIRYEXIHERHQEMRP]HMJJYWIW
through the clay liner, together with Na+ and the cations 
displaced from the exchange sites of clays (usually Ca2+ 
and Mg2+ substituted by NH
4
+ /+) (Regadío et al., 2012; 
>LERIXEP8LIWIIPIQIRXWEVIHMPYXIHF]XLIVI-
ceiving groundwater and are generally not a problem due 
to its low toxicity even at relatively high concentrations. 
Sulphate in leachate is attenuated by anaerobic microbial 
VIHYGXMSREGSQQSRVIHS\TVSGIWWMRPERHƤPPW&EXGLIP-
der et al., 1998). All the studied clayey substrata contain 
redox-sensitive species, the most important being pyrite 
in the OC and SCMC, and iron oxides in the LC, SCMC and 
DCMC. As a result, these clays support the metals to pre-
cipitate as sulphides in the liner and the sulphate is in low 
concentration in leachate.
Biodegradation is also accompanied by changes in 
VIHS\TSXIRXMEPMRXLIPERHƤPP[LMGLVIWYPXWMRXVERWJSVQE-
tion of organic and inorganic species by reactions under 
aerobic and a range of anaerobic conditions. Depending on 
XLI WTIGMƤG VIHS\ GSRHMXMSRW MR XLI PERHƤPP ERH PMRIV EI-
robic, nitrate-reducing, iron-reducing, sulphate-reducing, 
etc.), one or other organic compounds can be biodegra-
ded (Bright et al., 2000). The concentration of the oxidising 
agents and their reduced species in the leachate indicates 
the redox conditions (Taylor and Allen, 2006). Differences 
in clay minerals have a minor effect on the biodegradation 
Average liner composition Permeating test time 4IVQIEXMRKƥYMH One accumulated 
measurement
Average (± standard 
deviation) of intermediate 
measurements
Clays with 20% sand From day 1 to 19 0ERHƤPPPIEGLEXI 0.45ή10-9 0.81ή10-9 (±0.61ή10-9)
Clays with 10% sand (1) From day 1 to 19 0ERHƤPPPIEGLEXI 0.21ή10-9 0.25ή10-9rή10-9)
Clays with 10% sand (2) From day 1 to 19 0ERHƤPPPIEGLEXI 0.29ή10-9 ή10-9 (±0.33ή10-9)
'PE]W[MXL	WERH From day 19 to 36 Rainwater 0.25ή10-9 0.28ή10-9 (±0.14ή10-9)
Clays with 5.0% sand From day 36 to 48 Rainwater 0.22ή10-9 0.22ή10-9 (±0.11ή10-9)
(1) and (2) are replicates.
TABLE 3: ,]HVEYPMGGSRHYGXMZMXMIWMRQW/EWEWMRKPIEGGYQYPEXIHQIEWYVIQIRX[MXLMRXLIIRXMVIXIWXERHEWEREZIVEKISJXLIMRXIV-
mediate measurements taken every 2-3 days throughout the test.
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of organic pollutants than on the sorption of inorganic pol-
lutants. This is because organic pollutants are attenuated 
mainly by anaerobic biodegradation (Thornton et al., 2000; 
Bright et al., 2000; Adar and Bilgili, 2015), rather than by 
sorption to clay minerals, in which case only smectite, 
GLPSVMXI ERH ZIVQMGYPMXI [SYPH WLS[ WMKRMƤGERX SVKERMG
WSVTXMSR/SYXWSTSYPSYERH/SVREVSW8LIHIGSQ-
position of organic compounds down to water, methane 
and carbon dioxide, depends on the establishment of an 
appropriate microbial population. The native particulate or-
ganic matter of clay materials is essential to support in situ 
biological activity in liners, with the highest organic matter 
content found in the OC (followed by SCMC), sampled from 
a fossiliferous location (Martill et al., 1994). Anaerobic de-
gradation in the liner is also sustained by the microbial ino-
culum in the leachate itself. 
The attenuation of heavy metals in leachate is asso-
ciated with particulate organic matter and mineral phases, 
including clay minerals in liners, and occurs by a combi-
nation of sorption, redox transformation and precipitation 
processes (Fannin, 2006). These processes are suppor-
XIH F] WTIGMƤG QMRIVEP TLEWIW WYGL EW WYPTLEXIFIEVMRK
species (pyrite, gypsum), iron and manganese oxides and 
oxyhydroxides, and clays (mainly smectite and illite) (Fi-
WLIVERH,YHWSR8LIWXYHMIHQEXIVMEPWEPPGSRXEMR
a high content of clay minerals which assists retention of 
heavy metals. The OC and SCMC contain pyrite, and the 
LC, SCMC and DCMC contain iron/metal oxides. The high 
native particulate organic matter content of the OC favours 
sorption of metals, whereas the dissolved organic com-
pounds in leachate favour the formation of soluble metal-
organo complexes. Despite the fact that metal-organo 
complexes are dissolved in leachate and therefore mobile, 
XLI]GERFIEXXIRYEXIHF]ƤPXVEXMSRHYIXSXLIMVPEVKIVWM^I
(Christensen et al., 1996; Gregson et al., 2008). However, 
a proportion of metals complexed with dissolved organic 
matter or associated with colloids in leachate may not be 
attenuated (Thornton et al., 2001).
4.2 Evaluation as containment liners
2SRISJXLIGPE]WLIVI[IVIMHIRXMƤIHWYWGITXMFPIXS
HMWTIVWMSRMRXLIƤIPH(MWTIVWMZIGPE]WVIWIQFPIRSVQEP
clays but can be highly erosive and susceptible to severe 
damage or failure. Soils of high plasticity silt (MH in the 
97'7GPEWWMƤGEXMSR*MKYVIERHWQIXMXIVMGLQEXIVMEPW
(LC) rarely contain dispersive clays. In the case of the LC, 
smectites are responsible for the adhesion forces betwe-
en particles, which helps to prevent dispersion and thus 
soil erosion. The locations of the clays on or above the 
“A-line” on the plasticity chart (Figure 4), denotes a relati-
vely low silt content so they are easy to compact well, re-
sulting in low erodibility. The high OMCs of the OC and LC 
	[MXLQE\MQYQHV]FYPOHIRWMXMIWSJK
cm3 MRHMGEXIXLIEFYRHERGISJGPE]WM^IHTEVXMGPIWLI-
avy clays) as silt-rich soils have medium values and sandy 
materials have very low values. Coal Measures Clays had 
	SJ31'[MXLQE\MQYQHV]FYPOHIRWMXMIWSJ
1.80 g/cm3, being more characteristics of sandy-clay ma-
terials. In the case of shrinkage potential, only LC presen-
ted high risk because of the smectites. Concordantly, the 
0'[EWGPEWWMƤIHEWLMKLWhrinkage (average shrink limits 
of 16.8±4.8%) compared to the OC as medium shrinkage 
(14.5 ±2.0%) in Hobbs et al. (2019). In addition, smectites 
GEREPWSWSVFPEVKIVUYERXMXMIWSJ[EXIVXLEXHIGVIEWIXLI
soil strength, causing destructive landslides and slope 
JEMPYVI&SVGLEVHX;EKRIV=EPGMR8S
IRWYVIPERHƤPPPMRIVWXEFMPMX]GPE]WWLSYPHLEZI4-WSJ
30% (25% is good) and clays with PI >40% should not be 
used on their own. 
The LC and OC are plastic clays and thus contain little 
sand and much clay, with a particular abundance of swel-
ling minerals (illite and smectite). These are expandable 
sheet silicates with desirable properties such as erosion 
resistance, low permeability and excellent ability to atte-
nuate pollutants, due to high surface area and CEC (e.g., 
the LC). Thus, they have been used globally to improve 
GSQTEGXIHWSMPPMRIVW6YM^IXEPERHXSEGLMIZITIV-
meabilities in geosynthetic clay liners in the low range of 
0.10·10-9-0.01·10-9 m/s (Egloffstein, 2001). A key limitation 
is that smectites are plastic minerals very sensitive to the 
cation occupying the hydrated interlayer, which results in 
a high potential for swelling or shrinkage in water or lea-
chate, respectively. This property can induce instability and 
cracks in compacted clays and increase leakage through 
PMRIVW&SVGLEVHX;EKRIV=EPGMR8LMW
risk can be reduced by compaction and by addition of sand 
8ERMXERH%VV]OYP:EVKLIWIERH%RNERE2S
consensus exists though on whether applying a water con-
tent lower (Widomski et al., 2018) or higher (Benson et al., 
1999) than the optimum, will limit the shrink potential and 
XLYWHIWMGGEXMSRGVEGOMRKIRWYVMRK/ZEPYIWƝx-9 m/s. 
A further drawback of smectites is that their alteration to 
newly formed illite or even kaolinite results in much less 
chemo-mechanical stable materials than kaolinite-rich 
and illite-rich samples that are not originally derived from 
WQIGXMXI>LESIXEP8LMWMPPMXM^EXMSREXXLII\TIRWI
of the smectite content can occur after ammonium and po-
XEWWMYQWSVTXMSRJVSQXLIPERHƤPPPIEGLEXI6IKEHɴSIXEP
VIHYGMRKXLI')'SJXLIGPE]F]Ɲ	
The Coal Measures Clays were easily compacted un-
til negligible air was present in their voids (4%), which is 
convenient to achieve a low permeability in the liner. The 
3'ERH0'GEREGLMIZIXLIPS[IWX/1EVMXWEIXEP
due to their high plasticity, but also have a higher shrinkage 
VMWO[MXLGSRWIUYIRXVMWOSJMRGVIEWIH/HYIXSHIWMGGEXMSR
cracks. This is especially critical in the LC as its PI is >30%: 
XLIPS[/SJGSQTEGXIHGPE]PMRIVW[MXLWYGLLMKLTPEWXMGMX]
GSYPHMRGVIEWIEFSZIXLIHIWMKRWTIGMƤGEXMSREJXIVVITIE-
ted cycles of shrinkage-by-drying and swelling-by-wetting, 
and never recover its initial value even after rewetting (Wi-
domski et al., 2018). Conversely, low plasticity clays have a 
/XLEXVIQEMRWRIEVP]GSRWXERXERH[MXLMRXLIHIWMKRWTIGM-
ƤGEXMSRIZIREJXIVWIZIVEPHV]MRK[IXXMRKG]GPIW%RSXLIV
advantage is that non-plastic clays exhibit predominant 
ZIVXMGEPMRWXIEHSJLSVM^SRXEPHIJSVQEXMSRXLIPEXXIVFIMRK
predominant in plastic clays. Vertical deformation pre-
sents a lower risk of desiccation cracking in a compacted 
clay liner. Thus, for the centrifuge permeability tests the 
sandy materials were added to both clays to decrease their 
plasticity (Mansouri et al., 2013; Tanit and Arrykul, 2005; 
:EVKLIWIERH%RNERE 
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Adding non-cohesive materials decreases the LL and 
swell index, but should be done with caution to avoid an 
I\GIWWMZIMRGVIEWIMR/0IIIXEP8LI/ZEVMIWHI-
pending on the solid properties (surface area, particle si-
^IWTSVSWMX]XSVXYSWMX]ŷERHQER]JEGXSVWWYGLEW
 0EFSVƤIPHQIEWYVIQIRXW%PPIR&IRWSRIXEP
1999; Shackelford and Javed, 1991);
 Compaction (Herrmann et al., 2009);
 PMUYMHWEXYVEXMSRVEXMS&IRWSRIXEP;MHSQWOM
et al., 2018);
 Other minor construction variables (Benson et al., 
1999);
 4IVQIEXMRKPMUYMHHM)QMHMSIXEP*VERGMWGEERH
Glatstein, 2010; Jo et al., 2001; Lee et al., 2005; Singh 
ERH4VEWEH7XITRMI[WOMIXEP9QE7LER-
OEVERH1YXLYOYQEV
 1IXLSHSPSK]7ERHSZEPIXEP
 Passing of time and wet-dry seasonal variations (di 
)QMHMS IX EP  )KPSJJWXIMR  1MXGLIPP ERH
Jaber, 1990; Stepniewski et al., 2011; Widomski et al., 
2016).
8LI PS[ / QIEWYVIQIRXW x-9 m/s) showed 
that these clayey substrates are chemically compatible 
[MXL PERHƤPP PIEGLEXIW ERH TVSQMWMRK GERHMHEXIW JSV YWI
MRXLIHIWMKRSJPERHƤPPFSXXSQPMRIVWXSQMRMQM^IPIEGLEXI
migration as dual impermeability-attenuation barriers. The 
/ZEPYIWMRXLIGPE]PMRIVW[MXLƝ	WERH]QEXIVMEPWYRHIV
long-term leachate and rainwater permeation were below 
the most common maximum regulatory criterion (1·10-9 
QWSZIVEXMQIIUYMZEPIRXXS]VW8LIWII\TIVMQIRXEP
results are in line with the graphical and multivariate re-
KVIWWMSRSJ&IRWSRIXEP[LMGLIWXMQEXIW/ZEPYIW
SJ  x-9 QW JSV QEXIVMEPW [MXL EX PIEWX 	 00 	 4-
	ƤRIWERH	GPE]W2SWMKRMƤGERXHMJJIVIRGIW[IVI
JSYRHFIX[IIR XLI/ZEPYIWQIEWYVIHFIX[IIRHMJJIVIRX
periods of time. The little variation is most likely due to the 
not complete (but almost) saturation of the compacted li-
ners at the beginning (Darcy, 1856). This results in measu-
VIQIRXWSJYRWEXYVEXIH/[LSWIZEPYIWEVIX]TMGEPP]PS[IV
XLERXLSWISJWEXYVEXIH/EWXLI[EXIV[SYPHFIWXVSRKP]
attracted by the tension of the dry soil. The possible loss 
of the hydraulic connection when the pore water at the bot-
tom of the model liner is transferred to the collector during 
spinning would also promote unsaturated conditions with 
PS[IV / %HHMXMSREPP] XLIVI EVI SXLIV TVSGIWWIW XLEX GER
EPWSFIEJJIGXMRK/8LIPIEGLEXI[MXLELMKLGSRGIRXVEXMSR
and valence of ions, would decrease the net particle char-
ge (Chorom and Rengasamy, 1995) and thickness of the 
(MJJYWI(SYFPI0E]IVHM)QMHMSIXEP7GLQMX^
Stepniewski et al., 2011) in an initial stage. The former is 
due to the decrease in the dispersion of clays and the latter 
is relevant for the high porosity of freshly compacted soils. 
For Ca-clay minerals like here, the maximum dispersion oc-
GYVWEXT,'LSVSQERH6IRKEWEQ][LMGL
is the pH for most leachates. As a result, the transport of 
charged species in clays with high plasticity is enhanced, 
VIWYPXMRKMRERMRGVIEWISJ/MRXLIƤVWX]IEVW8LMWWYTTSVXW
IEVPMIVSFWIVZEXMSRWSJERMRGVIEWISJ/[MXLXLIPIEGLEXI
concentration (Mitchell and Soga, 2005). In a later stage 
the precipitation of mineral phases and the growth of mi-
crobial activity may contribute to pore clogging (Francisca 
and Glatstein, 2010; Stepniewski et al., 2011) and therefore 
XLIHIGVIEWISJ/EJXIV MXWQE\MQYQHYVMRK XLITVIZMSYW
stage (Figure 6). Calcite is likely to precipitate within the li-
ner due to the basic pH, the high leachate bicarbonate con-
centration and additional dissolved calcium released over 
time by cation exchange reactions with the liner (de Soto et 
al., 2012; Thornton et al., 2001). 
5. CONCLUSIONS
The performance of four natural clayey substrata as 
TSXIRXMEP PERHƤPP PMRIVW [EW EWWIWWIH F] QIEWYVMRK XLIMV
physico-chemical properties and stability and alterability 
upon contact with leachate, followed by rainwater. The at-
tenuation of pollutants in leachate depends on the pollu-
tant species and liner mineralogy. Potassium, ammonium, 
(dissolved) organic compounds and heavy metals (chro-
QMYQ RMGOIP ERH ^MRG EVI XLI QSWX VITVIWIRXEXMZI PIE-
chate pollutants, according to their concentration, toxicity 
or persistence. All studied clayey materials are useful for 
the attenuation of leachate pollutants in sustainable wa-
WXIPERHƤPPW8LIWITSPPYXERXWEVIQEMRP]EXXIRYEXIHMRXLI
clayey materials by anaerobic biodegradation and sorption 
mechanisms, especially cation exchange. Chloride and so-
dium in leachate and native cations released from exchan-
ge sites on the clay liner after sorption of pollutants can be 
diluted by groundwater. However, different management 
options should be applied depending on the clayey mate-
rial. The LC is the best material based on the sorption ca-
pacity and erosion resistance. However, the LC has a large 
plasticity (high susceptibility to excessive shrinkage) and 
easily alterable smectite clay minerals that partially col-
PETWIXSMPPMXMGWXVYGXYVIW-PPMXM^EXMSRLEWPIWWMQTEGXSRXLI
CEC of the liner than on its chemo-mechanical stability and 
could be countered by compacting and mixing LC with san-
ds. The OC is also plastic but to a lesser extent, with an ac-
GITXEFPI4-8LMWWYFWXVEXYQLEWEWMKRMƤGERXWSVTXMSRGE-
pacity and is the best material for buffering acid leachates 
(due to native calcite) and supporting biodegradation of 
organic compounds. On the negative side, Coal Measures 
'PE]WLEZIXLIPS[IWXWSVTXMSRGETEGMX]ERH^IVSRIYXVEPM-
^EXMSRTS[IV,S[IZIVXLI]LEZIXLIPS[IWXTPEWXMGMX]ERH
the most resistant clay minerals (kaolinite accompanied by 
illite) to alteration by exposure to leachate. In addition, both 
Coal Measures Clays are easily compacted until negligible 
EMVZSMHW[LMGLJEZSYVW XLIEGLMIZIQIRXSJE PS[/8LI
SCMC contained sulphate-bearing species (resulting from 
oxidation of pyrite) that enhance the retention by precipi-
tation of heavy metals through bacterial sulphate reduc-
tion in the liner. The DCMC had very low mineral phases or 
inorganic salts that are readily dissolved in water. This is 
EHZERXEKISYWEWMXVIWYPXWMRPIWWQSFMPM^EXMSRSJPIEGLEFPI
salts from the liner itself. The LC and Coal Measures Clays 
have associated iron/metal oxides and oxyhydroxides that 
can enhance anion exchange and the removal of metals by 
sorption. Redox-sensitive species such as pyrite (OC and 
SCMC) and iron oxides (LC and Coal Measures Clays) can 
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enhance the removal of metals by bacterially-mediated re-
dox transformation and precipitation processes. The pre-
sence of pyrite and iron oxides also determines to a large 
extent the acid-base neutralisation potential, together with 
native carbonates in OC and bicarbonates in the leachate. 
%JXIV TIVQIEXMSR [MXL PERHƤPP PIEGLEXI ERH VEMR[EXIV HY-
VMRKWIZIVEP[IIOWIUYMZEPIRX XS]IEVWYRHIVƤIPHGSRHM-
tions), the model liners achieved long-term sustainable low 
/XLEXVEVIP]WYVTEWWIHXLIQE\MQYQZEPYIWTIGMƤIHJSV
liner design.
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